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Abstract. 
 We study the properties of highly strained InAs material calculated from first principles 
modeling using ABINIT packages. We first simulate the characteristic of bulk InAs crystal 
and compare them with both experimental and density functional theory (DFT) results. 
Secondly, we focus our attention on the strain effects on InAs crystal with a gradual strain 
reaching progressively the lattice matched parameters of InP, GaAs and GaP substrates. The 
final part is dedicated to the study of a hypothetic spherical InAs/GaP quantum dot. The effect 
of hydrostatic deformations for both InAs Zinc-Blende phase and InAs RockSalt phase is 
discussed.  
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I. Introduction 
The potential of the InAs/GaP heterostrutures for the quest of new infrared emitters is the 
main idea beyond this study on the subject based on first-principles calculation. In the last 
decade, the InAs material has already been associated to InP or GaAs substrates for the study 
of new optoelectronic devices [1-3]. In these cases, the formation of quantum dots (QD) in the 
active zone is related to the large lattice mismatch between InAs and the substrate (3.1% for 
InAs/InP, and 6.8% for InAs/GaAs). However, the InAs/GaP (10.1%) heterostructures have 
rarely been considered. For this InAs/GaP association, the lattice mismatch is very large and 
the effect on electronic properties has to be studied more carefully. 
Electronic structures of the InAs/InP and InAs/GaAs interfaces have been studied extensively 
either in self-consistent density functional theory (DFT) [4-8], k.p calculations [9-14] or 
tight binding (TB) model [15-19]. DFT calculations only provide to the maximum maximorum 
a couple of hundred atoms in a supercell. On the other hand, the k.p or TB methods are 
usually used to reach more than thousand atoms. We here study via DFT basic properties of 
InAs/GaP interfaces in order to spawn input data to the k.p method. To perform it, the first 
prerequisite is to focus on InAs bulk material. Then we focused on InAs crystal under 
hydrostatic strain because a lot of experimental studies can be compared to our calculations. 
The next stage which is not treated here would be to study InAs crystal under biaxial 
deformations and then InAs/GaP interfaces. DFT simulations have been carried out with the 
open source ABINIT computer package [20] using a plane-wave basis.  
Therefore in this present work, we first compare the properties of InAs in its bulk state with 
experimental values. Secondly, we study the behavior of InAs crystal under hydrostatic strain. 
The hydrostatic deformations will be considered up to the large lattice mismatches of 11.2% 
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corresponding to the lattice parameter of GaP crystal. In the last part, strain relaxation effects 
are estimated in the case of a spherical InAs inclusion surrounded by a GaAs or a GaP matrix.  
II. Bulk properties of InAs  
InAs and GaP bulk crystals are considered with the local density approximation (LDA) as 
pseudopotential [21]. Convergence tests have been performed with a cutoff equal to 70.0 Ry 
and up to 160.0 Ry. Actually, a cut-off equal to 70.0 Ry is a good compromise for our 
simulation. The calculation takes into account the d electron effect. A 8x8x8 k-point grid [22] 
is chosen and we use first a zinc-blende (ZB) crystal structure for InAs bulk materials. Basic 
properties of InAs in the ZB bulk state are calculated by DFT method and reported in Table 1 
e.g. lattice parameter ao, cohesive energy Ecoh, formation enthalpy ∆Hf, Poisson ratio 
υ100, Young modulus Y100, bulk modulus Bo and spin-orbit splitting ∆SO. Minimum errors are 
less than 2% for the calculation of the lattice parameter, the Poisson ratio and the spin-orbit 
splitting. We compare this DFT calculation with experimental results in ref [23] and other 
DFT calculation in ref [24, 25]. As usual with LDA pseudopotential, we found more than 3% 
errors for calculations of the cohesive energy, the formation enthalpy, the Young modulus and 
the bulk modulus. Indeed, it leads to cohesive energies of solids which are slightly 
overestimated. The same quantities were evaluated for InAs bulk material in the rocksalt (RS) 
phase. The main results are the following: the cell parameter and the cohesive energy are 
smaller for the RS phase. A phase transition is expected at high pressure. Elastic constants c11, 
c12 and c44 are calculated and shown in Table 2. We compare our study with experimental 
results in ref [26, 27] and other DFT calculation in ref [28]. These elastic constants c11 and c12 
are well defined for this ZB crystal bulk structure i.e. within an error of about 4% which 
characterizes this method.      
 
III. Towards huge deformation – highly strained InAs   
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Phase Transition from ZB to RS (hydrostatic deformation) 
A phase transition from a zinc-blende (ZB) to a rocksalt (RS) structure of InAs has already 
been investigated in ref [29, 30]. The equilibrium lattice parameter has been computed by 
minimizing the crystal total energy calculated for different values of lattice constant. Figure 1 
represents the total energy as a function of cell volume. From this figure, one can clearly see 
that the ZB phase is more stable. The equilibrium volume oZBV  for the ZB structure of InAs 
crystal at zero pressure is about 379.8Bohr3 and the equilibrium volume oRSV  of the RS 
structure of InAs is about 0.802 oZBV . The critical pressure for the ZBRS first order phase 
transition can be calculated by using the “common tangent technique” for both phases [31]. 
From this tangent (figure 1), we found the volumes e.g. cRSV  and 
c
ZBV  at critical pressure cP  
equal respectively to 273.2 bohr3 and 332.8 bohr3. The V(P) variation for both ZB and RS 
phases is plotted in figure 2(a) to determine cP . The volume discontinuity )VV(
c
RS
c
ZB −  takes 
place at the phase transition pressure cP  equal to 9.5GPa as shown with a vertical line. 
Another method can be used to spawn cP  by calculating the Gibbs free energy at T=0K 
)HTSHG( =−=  for the ZB and RS phases as a function of pressure as illustrated in figure 
2(b) i.e. )P(H)P(H cRScZB = . These two methods yield the same value for cP . One can 
compare this result with a calculation done by Christensen using the linear muffin-tin-orbital 
(LMTO) [32, 33] ( cP =7.8 GPa), and another DFT calculation done by L. Louail et al 
( cP =8.73 GPa) close to our result, and finally with experimental result done by Y.K. Vohra et 
al [34] which measured a transition pressure equal to 7.0 GPa. We may add that the first order 
phase transition takes place at a critical hydrostatic pressure, which corresponds for the ZB 
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phase, to a cZBV value between the one of InP equal to
30
InP,ZB bohr0.341V =  and the one of 
GaAs equal to 30 GaAs,ZB bohr5.304V = .    
 
Elastic constants (hydrostatic deformations) 
To illustrate the evolution of elastic constants c11, c12 and c44 under hydrostatic deformations, 
we simulate the compression of InAs crystal up to the lattice matching of the GaP crystal. 
Results are shown on Fig. 3. The most interesting point is that the c44 elastic constant is 
almost constant from 0 GPa to nearly 30 GPa [35]. The c44 elastic modulus discontinuity at 
the phase transition is indeed very small. c11−c12 is also almost constant in the ZB phase below 
the critical pressure Pc , but it undergoes a large discontinuity at the phase transition. When 
focusing on the 3 variations of elastic constants due to the phase transition which is equal 
to GPa8.115ccc c,ZB11
c,RS
11
c
11 =−=∆ , GPa8.29ccc
c,ZB
12
c,RS
12
c
12 −=−=∆ and 
GPa1.14ccc c,ZB44
c,RS
44
c
44 =−=∆  then one can say that the variation is huge in the case c11 
and the other variations are not so important due to the RS phase where atoms are much 
condensed in the unit cell and mixes in all faces of the unit cube.  
The traditional mechanical stability conditions in cubic crystals on the elastic 
constants are known as c11−c12>0, c11>0, c44>0 and c11+2c12>0. The InAs ZB material follows 
these conditions up to P=60GPa. The elastic constants in table 2 and in table 3 obey to these 
stability conditions for both structures. The nonlinear behaviour of elastic constants cαβ e.g. 
c11, c12 and c44 for a cubic crystal on hydrostatic deformations can be describe by cαβ(P) using 
the quadratic order polynomials function of the pressure P: 
 ( ) 2P.c.
2
1
P.ccPc αβαβαβαβ ′′+′+=  
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These 3 coefficients are reported in table 4 for InAs either in ZB or in RS phases and 
compared the coefficient calculated in ref. [35]. For instance, cαβ(P) can written for the ZB 
phase according to the definition in the pressure interval as follows: 
2
44
2
12
2
11
P049.0P51.09.36)P(c
P039.0P13.37.43)P(c
P030.0P67.26.80)P(c
−+=
++=
++=
,  
Bulk modulus (hydrostatic deformations) 
Our results were used to fit the calculated evolution of the bulk modulus B as a function of 
pressure in the ZB phase, using a quadratic non-linear dependence 2PBPBBB ooo ′′+′+= . Our 
results are shown in figure 3 and reported in table 5 for comparison with experimental results 
fitted with a linear experimental law ( PBBB oo ′+= ) [36-38] and another DFT non-linear 
calculation [39]. The first result is that the quadratic dependence on pressure is weak in that 
pressure range. Our calculations are in good agreement with the experimental bulk modulus at 
zero pressure Bo, the error is less than 1%. The discrepancy between our linear pressure 
coefficient oB′  and the experimental one is larger. We calculated the linear pressure 
coefficient oB′  and the nonlinear pressure coefficient oB ′′  for InAs ZB crystal only. Actually, 
the best agreement with the experimental data and with the other DFT calculation is obtained 
when both pressure coefficients e.g. linear and nonlinear are calculated near the equilibrium 
pressure. It should be pointed out that this linear term in the bulk modulus is necessary to 
describe correctly the Murnaghan equation of state [40]. Furthermore, one can define related 
to figure 3, the variation of bulk modulus associated to the transition phase which is equal 
to GPa7.18BBB ZBc
RS
cc =−=∆ .  
Anisotropy coefficient (hydrostatic deformations) 
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The anisotropy coefficient A is usually defined as A = (c11- c12)/ 2c44 for a cubic crystal [41]. 
Note that an ideal  isotropic-like mechanical behavior is found for A =1. Actually, the A value 
is typically equal to 0.5 for most of semiconductor which have a ZB crystal structure. This is 
also true for InAs at low pressure (figure 4) below the critical pressure Pc. For pressures larger 
than 9.5 GPa (in the RS crystal structure), a large step 3.1AAA ZBc
RS
cc =−=∆  arises due to 
the phase transition. The anisotropy coefficient is much larger in the InAs RS crystal phase 
than in the InAs ZB crystal phase, however our values are significantly smaller than the ones 
(A=3) found in ref. [30]. 
Gap Energies  
We have studied the variation of the electronic gap energy of the InAs crystal as a function of 
the lattice deformation using the LDA. This variation is reported on figure 5 for the ZB phase. 
Here is the strain tensor for the hydrostatic deformation (HD): 










δ
δ
δ
=ε
00
00
00
hyd
withδ an 
infinitesimal increment. We defined it as δεεε 3=++=∆= zzyyxx
V
V
HD . A “negative gap” 
(−0.49eV) energy at Γ point is calculated at zero pressure whereas the experimental value is 
positive 0.42eV. This underestimation is a well known problem of the LDA [42, 43]. In order 
to improve the LDA simulation, a GW correction of about 0.82eV was found using the many-
body perturbation theory implemented in ABINIT packages [44]. The evolution of the whole 
electronic dispersion pattern shows that all the dispersions bands are moving up due to the 
compression effect but the conduction band is moving faster than the other bands giving rise 
to an enhancement of the gap energy. We have also calculated the theoretical deformation 
potential a for small hydrostatic deformations of the ZB lattice. This deformation potential 
[45] is found equal to −6.2eV in good agreement with experimental results –6.1eV [46-48]. 
The variation of the direct gap energy (Egap) is in fact linear up to HD=36% of hydrostatic 
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deformations (HD), which is beyond the critical pressure point Pc where one can define HDc 
equal to 12.4%. The linear behavior of the gap energy is described with LDA calculation as: 
Egap=0.062HD−0.49. The variation of the gap energy is strongly non-linear for hydrostatic 
deformations larger than 36%. This is due to the coupling between the conduction band lying 
at low energy with other conduction bands located at higher energies. On the other hand, our 
study shows that the indirect gap in the X direction decreases as a function of pressure. The 
transition to an indirect band gap energy is however again observed for a pressure P= 
29.3 GPa beyond the critical pressure Pc.  For very large hydrostatic deformations (>50%), 
the InAs crystal in the ZB phase is in a semi-metallic state due to the band dispersion along 
the X direction. The main interesting point for the RS phase, is that a metallic state is found 
whatever the pressure. This is again induced by the electronic dispersion along the Χ 
direction. On figure 6, we have indeed compared the dispersion bands of InAs crystal either 
for ZB structure (a) and for RS structure (b) at pressure Pc. It shows that the phase transition 
is associated to a very important change in the electronic properties of the InAs crystal. 
Furthermore, one can define (figure 7) the variation of gap energies in Γ point and in X point 
associated to the phase transition which are equal to eV61.0EEE ZB, c,gap
RS,
c,gapc,gap =−=∆
ΓΓΓ  and 
to eV42.4EEE ZB,X c,gap
RS,X
c,gap
X
c,gap −=−=∆  respectively. On this figure, we can clearly observe 
for the InAs ZB crystal that before having a semi metallic state (at the pressure P equal to 
29.3GPa) due to the band dispersion along X direction, the transition of phase from InAs ZB 
crystal to InAs RS crystal provide an increase of the gap energy in Γ point and a drastic 
decrease of the gap in X point. 
IV. Hypothetic spherical QDs : effect of elastic relaxation. 
In order to investigate the effects of large deformation and polymorphism on a InAs 
nanostructure, we have used the simple model proposed in ref. [33] for a spherical QD. 
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Within this model, the initial hydrostatic stress of an InAs inclusion is partially relaxed by the 
surrounding matrix. The InAs material occupies a spherical cavity embedded in infinitely 
extended matrix and the strain is relaxed inside and outside the QD. It is possible to assume 
that a coherent RS island is formed into a ZB like matrix as observed in the PbTe/CdTe 
system [50]. The number of InAs atoms inside the cavity is then given by 
matrixa
V
N 3
8
=  in 
order to yield coherent interfaces. We may notice that this model neglects a number of effects: 
surface energies, anisotropy of the elastic constants (lens, pyramid, elongated wire …) … 
Notice that it is however necessary to include the variation of the elastic constants as a 
function of the lattice parameter in order to take correctly into account the lattice relaxation 
effect between the inclusion and the matrix [33]. On figure8, these variations are given for the 
InAs ZB phase and for the GaP material. The relaxed lattice constant a of the InAs QD under 
hydrostatic compression is ( )α−=− 1a)InAsQD(a InAs,oo . The deformationα  is determined 
from the static solution of ref.[33]. The same boundary conditions as F. Grosse and R. 
Zimmermann are applied and finally led to
InAs,11GaP,44InAs,44
GaP,44
o
c
3
4
cc
c
+−
α=α . The lattice 
mismatch is 
( )
%1.10
a
aa
InAs,o
GaP,oInAs,o
o =
−
=α  for the InAs/GaP system using the experimental 
values. The relaxed lattice constant a of the InAs QD under hydrostatic compression is 
therefore ao(QD-InAs)=5.55 Å. 
Figure 9 presents the calculated energies for a spherical inclusion with a radius equal 
to 5nm. The internal (cohesive) energy of the ZB spherical inclusion is smaller than the one of 
the RS one (figure 9(a)). As the lattice mismatch is larger for the ZB inclusion, the elastic 
energy contribution is larger than for the RS inclusion. By adding the elastic energy without 
relaxation to a GaP or a GaAs matrix, we found that the RS inclusion is more stable than the 
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ZB one (figure 9(b)). This is particularly true when the GaP material is used as a barrier 
material. The results obtained by relaxing the strain, are indicated on the third column 
(figure 9(c)). The stability order is now reversed by comparison to the unrelaxed case. We 
may however notice that the energy difference between the RS inclusion and the ZB inclusion 
is not very large respectively about 150eV for GaAs substrate and about 75eV for GaP 
substrate. Therefore, the possibility of a RS inclusion or at least phase polymorphism can not 
be ruled out on the basis of the crude model proposed in this part and this is particularly true 
for GaP substrate.  
 
V.  Discussion and conclusion 
A phase transition is predicted for a hydrostatic deformation as studied and shown in ref [49, 
50]. The electronic properties are strongly dependent on the strain state for a highly strained 
material. Further studies concerning the electronic properties of such a QD could then be 
interesting in order to answer a number of questions concerning the influences of the bulk 
material phase transition, the non-linear behavior of the elastic and electronic properties or the 
interface. 
By applying hydrostatic deformations, we have shown that one can predict a phase transition 
from the InAs ZB crystal to InAs RS crystal at a critical pressure Pc equal to 9.52GPa. Due to 
the phase transition, we observed either slight or large discontinuities on elastic constants, on 
the bulk modulus, and on the anisotropic constant. We presented the dependence of Γ point 
and Χ point electronic gap energies for ZB crystal only and that beyond its critical pressure. 
So, we have a great correspondence with the classical theory. Furthermore, we have focused 
on band dispersions for both phases at the critical pressure Pc. For the ZB crystal, we applied 
a HDc of about 12.4% corresponding to Pc where the gap energy is still direct and not yet 
semi-metallic along X point direction. Even if the stability of RS crystal above Pc pressure 
  L. PEDESSEAU et al. 11 
spawns a large increase of the gap energy in Γ point one can observe a semi-metallic state for 
whatever the hydrostatic deformation above HDc. For high lattice mismatch, we have also 
shown in a hypothetic spherical QD that the possibility to obtain a polymorphism is non 
negligible even if strained relaxation was taken into account. Further study will focused on 
interface effect (atomic relaxation). 
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Figure captions 
Figure 1: Energy variation as a function of the volume for the InAs Zinc-Blende phase (ZB, 
•) and the InAs RockSalt phase (RS, ♦). The “common tangent technique” (Tangent, ▬) 
provides the two volumes (┼) which correspond to the phase transition. 
 
Figure 2: (a) Pressure versus volume curves for both the InAs ZB phase (•) and the InAs RS 
phase (♦). The phase transition critical pressure is shown with a vertical line. (b) Gibbs 
energies versus pressure for both the InAs ZB phase (―) and the InAs RS phase (− −). 
 
Figure 3: Elastic constants and bulk modulus discontinuities from InAs ZB phase to InAs RS 
phase (C11, ♦), (C12, ■), (C44, ▲) and (Bo, •). 
 
Figure 4: Anisotropic constant A discontinuity from InAs ZB phase to InAs RS phase 
(AZB, ■) and (ARS, ♦). 
 
Figure 5: Dependence of Γ point (♦) and Χ point (•) electronic gap energies versus 
hydrostatic deformations of the ZB crystal. 
 
Figure 6: Dispersion bands of InAs crystals for ZB structure at the transition pressure Pc (a), 
and dispersion bands of InAs crystals for RS structure at the transition pressure Pc (b).  
 
Figure 7: Dependence of Γ point (―) and Χ point (− −) electronic gap energies 
discontinuities versus hydrostatic pressure from InAs ZB phase to InAs RS phase. 
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Figure 8: Elastic constants of the InAs ZB crystal (C11, ♦), (C12, ■), (C44, ▲) (blue line) and 
of the GaP crystal (C11, ♦), (C12, ■), (C44, ▲) (red line). The experimental equilibrium lattice 
constants are given by dashed lines and the lattice constant of the relaxed InAs QD is marked 
by the full vertical line. 
 
Figure 9: Internal cohesive energy Ecoh for a spherical inclusion (radius equal to 5nm) of both 
InAs ZB (blue) crystal and InAs RS (red) crystal (a) only, then effect on the sum with either 
the elastic energy Eelas unrelaxed (b) or relaxed (c) to a GaP (―) or a GaAs (− −) matrix.  
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FIG. 7 
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Table captions 
Table 1 : Comparison, of the lattice parameter (ao, Å), cohesive energies (Ecoh, eV), 
formation enthalpies (∆Hf, eV), Poisson ratio (ν100, /), Young modulus (Y100, /), Bulk modulus 
(Bo, GPa) and the spin-orbit splitting (∆SO, eV) calculate either for InAs ZB bulk at Po 
pressure or InAs RS bulk at Pc pressure, with the DFT method and experiment. The values in 
parenthesis are the percentage error of theoretical data compared to experiment. 
 
Table 2 : Elastic constants (GPa) for InAs ZB bulk at Po pressure, with the DFT method and 
comparison with experiment. The values in parentheses are the percentage error of theoretical 
data compared to experiment. 
 
Table 3 : Elastic constants (GPa) for InAs ZB bulk and RS bulk at Pc pressure, with the DFT 
method and comparison with DFT ref L. Louail et al. 
 
Table 4 : The 3 elastic coefficients e.g. )GPa(cαβ , (/)cαβ′ and )GPa(c
1−
αβ′′  for both InAs ZB 
bulk and RS bulk with the DFT method and comparison with other DFT ref F. Grosse et al. 
 
Table 5 : Calculated and experimental values of the lattice parameter ao(Å), the bulk modulus 
Bo(GPa), the linear pressure coefficient oB′ (/), and the nonlinear pressure coefficient oB ′′  
(GPa−1)  of the InAs under hydrostatic deformations. 
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TABLE 1 
method ao Ecoh ∆Hf ν100 Y100 Bo 
∆ 
SO 
present work 6.08 (0.3) 3.64(17) -0.41(6.8) 0.3516(0.4) 49.42(3.8) 55.51(4.4) 0.386(1.5) 
Other DFT 6.01(0.8) 3.75(21) -0.38(13.6) 0.35 52.80(2.7) 55.50(4.4) 0.38 
InAs 
(ZB) 
Experiment 6.0585 3.10 -0.44 0.350 51.40 58.07 0.38 
InAs 
(RS) 
present work 5.6531 3.36 +0.15 0.17 208 105.3 0.34 
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TABLE 2 
 
method c11 (GPa) c12 (GPa) c44 (GPa) 
This study 80.3(3.7) 43.4(4.3) 36.9(6.3) 
other DFT 92.2(10.5) 46.5(2.4) 44.4(12.4) 
InAs 
(ZB, Po) 
Experiment 83.4 45.4 39.5 
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 TABLE 3 
method c11 (GPa) c12 (GPa) c44 (GPa) Bc (GPa) Ac (/) 
This study 107.8 76.0 37.4 86.6 0.42 InAs 
(ZB, Pc) other DFT 145 100 50 115 0.45 
This study 223.6 46.2 51.5 105.3 1.72 InAs 
(RS, Pc) other DFT 282 63.6 36.4 136.4 3 
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TABLE 4 
method )GPa(cαβ  (/)cαβ′  )GPa(c 1−αβ′′  
This study 80.6 2.67 0.060 
other DFT 
11c  
78.1 4.05 
−0.16 
This study 43.7 3.13 0.078 
other DFT 
12c  
48.9 4.60 
−0.16 
This study 36.9 0.51 
−0.098 
InAs 
(ZB) 
other DFT 
44c  
26.2 0.06 
−0.038 
This study 
11c  142.8 9.12 −0.073 
This study 
12c  37.1 1.01 −0.007 
InAs 
(RS) 
This study 
44c  44.3 0.86 −0.020 
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TABLE 5 
InAs ao(Å) Bo(GPa) oB′ (/) oB ′′ (GPa−1) 
our study 6.0834(0.4) 55.51(4.1) 4.1(14.4) −0.6500 
other DFT 5.9019(2.6) 61.90(6.9) 4.4877(6.3) −0.0750 
experiment 6.0583 57.90 4.79 - 
 
